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Abstract: Optical coherence tomography (OCT) is now a well-established modality for high-
resolution cross-sectional and three-dimensional imaging of transparent and translucent 
samples and tissues. Conventional, intensity based OCT, however, does not provide a tissue-
specific contrast, causing an ambiguity with image interpretation in several cases. 
Polarization sensitive (PS) OCT draws advantage from the fact that several materials and 
tissues can change the light’s polarization state, adding an additional contrast channel and 
providing quantitative information. In this paper, we review basic and advanced methods of 
PS-OCT and demonstrate its use in selected biomedical applications. 
© 2017 Optical Society of America 
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1. Introduction 

Optical coherence tomography (OCT) was introduced 25 years ago as a new modality for 
high-resolution cross-sectional imaging of transparent and translucent samples and tissues [1]. 
Within the past 25 years, OCT was improved in several aspects, comprising imaging speed, 
sensitivity, functional extensions, application fields, etc. This feature issue of Biomedical 
Optics Express describes these developments in several invited reviews and original research 
papers. 

One of the remaining shortcomings of conventional, intensity based OCT is the lack of 
tissue specific contrast which frequently makes it difficult to directly differentiate between 
tissues. However, light has additional properties, beyond intensity, that can be exploited to 
generate tissue specific contrast and for quantitative measurements. Functional extensions of 
OCT, like Doppler OCT or spectroscopic OCT strive to exploit such additional light 
properties. The first of these functional extensions was polarization sensitive (PS) OCT, 
reported for one-dimensional measurements as early as 1992 [2]. Since then, PS-OCT was 
expanded to full 3D imaging at high speed and sensitivity and applied to various fields. 

The aim of this review is to describe the principles of PS-OCT and some selected 
applications. Because of the limited space available, we had to restrict the content to the main 
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principles and concepts, and to some selected applications in the biomedical field. Readers 
with a broader interest in other aspects of the technology are referred to our book chapters in 
the recent edition of the comprehensive 3-volume book “Optical Coherence Tomography – 
Technology and Applications” [3–5], to previous reviews [6, 7], and to the extensive original 
literature on PS-OCT. Readers with an interest in non-medical applications of PS-OCT are 
referred to a related review [8]. 

The remainder of this review is organized as follows: Chapter 2 describes the polarization 
properties of light and their representation and transformations in the Jones and the Mueller-
Stokes calculus; chapter 3 discusses polarization changing light-tissue interaction 
mechanisms, as well as concepts and methods of how the corresponding properties can be 
measured. The methods section (chapter 4) applies the Jones formalism to describe 
birefringence measurements by a basic bulk-optics PS-OCT system (following the historic 
development of PS-OCT), followed by a description of how Jones and Stokes vectors are 
measured. The next sub-chapters discuss fiber optic versions of PS-OCT, polarization mode 
dispersion, and advanced data processing schemes. Finally, chapter 5 covers selected 
applications of PS-OCT to tissue imaging. 

2. Polarization properties of light 

Light is a transverse wave, the electromagnetic field oscillates perpendicular to the 
propagation direction, which gives rise to the polarization state of light, i.e., the direction of 
the field perpendicular to the propagation direction. Assuming that the light propagates in the 
z-direction, the polarization state of light can be described by the complex valued field 
strength along the x (horizontal) and y (vertical) direction, xE  and yE , respectively. For a 
homogeneous monochromatic electromagnetic wave propagating in the z-direction with 
angular frequency ω = 2πc/λ and wave number k = ωN/c, where N = n + iκ represents the 
complex refractive index and λ and c are the wavelength and the speed of light, respectively, 
in vacuo, the wave can be described by its complex electric field ( ),z tE , given by: 

 ( ) ( ) ( ) w ,, ith− − 
= = = = 

 
yxx ii kz t i kz t i

x x y y
y

E
z t e e E A e E A e

E
φw w φE E    (1) 

And ,x yA A ∈ . Three variables, the amplitude of the fields xE  and yE , and their relative 

phase x yφ φ−  completely describe the polarization state of light, examples of which are given 
in Fig. 1. 

 

Fig. 1. Vibrational ellipses (from left to right) for vertically linear polarized light ( 0)xE = , 
linear polarized light oriented at 45° with respect to the vertical and horizontal orientations 
( )x yE E= − , and circularly polarized light /2( )i

x yE e Eπ= . Reprinted from Ref [3]. 

The effect of light propagation through a material with a complex index of refraction, 
N n iκ= + , can be seen through expansion of Eq. (1) to yield: 
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The imaginary part of the complex refractive index, κ, determines the attenuation of the wave 
as it propagates through the medium and that the real part, n, determines the phase velocity. 
There are a wide variety of media in which the index of refraction is independent of the 
polarization state of light. In these cases, light can propagate with no change of its 
polarization state. However, there are also many materials for which this is not the case. The 
goal of PS-OCT is to determine these light-polarization changing properties of a sample. 

Jones vectors 

A convenient way to describe polarization changes in materials and tissues is by the Jones 
formalism [9]. The electromagnetic field vector E  is a two dimension complex Jones vector. 
Changes to the polarization state can be described by a complex 2x2 dimensional Jones 
matrix J . The polarization properties of any non-depolarizing optical system can be 
described using a Jones matrix. The transmitted polarization state ′E  as a result of an optical 
system represented by a Jones matrix J  acting on an incident polarization state E  can be 
determined by 

 
'

11 12
'

21 22

    ′ = = =    
    

Jxx

yy

EJ JE
EJ JE

E E  (3) 

Subsequent transmission of ′E  through an optical system ′J  results in a polarization state 
( )′ ′ ′ ′= = =J J J J JE E E" E . As a result, the combined polarization effect of a cascade of 

optical elements, 1 2, , , nJ J J , can be described by the product 2 1n=J J J J . 
A Jones matrix has 8 variables (4 complex numbers), of which 7 are independent 

variables that describe polarization effects in materials, and one is a common phase factor. 
These 7 independent parameters describe linear and circular birefringence (3 parameters, i.e., 
phase retardation and orientation of the optical phase retarder) and linear and circular 
diattenuation (4 parameters, i.e., two attenuation coefficients and orientation of the optical 
diattenuation). As an example, Eq. (4) gives the Jones matrix for a birefringent material that 
induces a phase retardation η  between electric field components parallel and orthogonal to a 
polarization state characterized by an orientation angle θ  and a circularity related to φ  [10]. 
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where cosCθ θ=  and sinSθ θ= . The Jones matrix of a dichroic material with attenuation 
coefficients 1P  and 2P  for electric field components parallel and orthogonal, respectively, to 
a polarization state given by an orientation angle Θ  and a circularity Φ  has the form [10] 

 ( )
( )

2 2
1 2 1 2

2 2
1 2 1 2

i

d i

PC P S P P C S e
P P C S e PS P C

− Φ
Θ Θ Θ Θ

Φ
Θ Θ Θ Θ

 + −
=  − + 

J  (5) 

The optic axis and the birefringence and diattenuation parameters can be extracted from the 
Jones matrix by an eigenvector and eigenvalue decomposition, as described in Section 3. The 
limitation of the Jones formalism is that it cannot describe depolarization, as Jones vectors 
describe pure polarization states. 
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An alternative method is the Stokes vectors and Mueller matrices formalism. A Stokes 
vector is a four component real vector [ ], , , TI Q U V=S , where , , ,I Q U V ∈, 
that does describe intensities. This allows for characterization of an optical system with a real 
4 4×  matrix M , known as a Mueller matrix, that relates an incident Stokes vector S  to a 
transmitted Stokes vector ′S  such that 

 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

M M M MI I
M M M MQ Q
M M M MU U
M M M MV V

′     
    ′     ′ = = =
    ′
    ′    

MS S  (6) 

Since Stokes vectors can be used to describe depolarized and partially polarized light, Mueller 
matrices have the advantage over Jones matrices of being able to describe depolarization 
effects. The Jones and Mueller matrix formalisms are closely related. Vector and matrix 
quantities in the Jones formalism can be converted into Stokes parameters and Mueller 
matrices using the relations [11]: 

 

( )
( ) 1

1 0 0 1
1 0 0 1
0 1 1 0
0 0

∗

∗ −

= ⊗

= ⊗

 
 − =
 
 − 

U

M U J J U

U

i i

E ES

 (7) 

where ⊗  represents the Kronecker tensor product. 
The polarization state of any monochromatic beam can be described using these four 

parameters, as shown in Fig. 2. 

 
Fig. 2. Electric fields components for various polarization states corresponding to the different 
Stokes parameters. Reprinted from Ref [3]. 

In the Stokes-Mueller formalism the degree of polarization DOP  can now be defined by 
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2 2 2

2

Q U VDOP
I

+ +
=  (8) 

The degree of polarization of a beam of light can range from unity for purely polarized light 
to zero for unpolarized light. 

Poincaré sphere 

The Poincaré sphere is a three-dimensional representation of polarization states that allows 
for a more intuitive depiction of polarization phenomena. The Q -, U -, and V -components 
of the Stokes parameters are sufficient to describe the polarization state of light. For a 
partially polarized beam, the I -Stokes parameter additionally provides only the degree of 
polarization. In the case of a fully polarized beam, 2 2 2 2I Q U V= + + . Thus, an explicit 
parameter to describe only the intensity of a beam is unnecessary, and the Stokes parameters 
can be expressed as a real 3-vector of the form 

 
Q
U
V

 
 =  
  

S  (9) 

Such vectors can be pictured in a 3-dimensional space known as a Poincaré sphere [12]. The 
convenience of the Poincaré sphere is that e.g., the effect of birefringence can be visualized as 
rotations in this sphere, and that polarization properties of tissue can be analyzed in this 
framework (see e.g., Ref [6, 13–19].). As an example, Fig. 3 shows the transformation of a 
Stokes vector S in the Poincare sphere for three cases, pure diatteniation, birefringence, and 
the combined effect of diattenuation and birefringence having an orientation defined by the 
vector A in the Poincare sphere. 

 

Fig. 3. Poincaré sphere representations of the effects of (a) diattenuation, (b) birefringence, and 
(c) the combined effect about a common optic axis A on a polarization state S. The “pulling” 
effect of diattenuation is evident from the trace (inner arc) of the transmitted polarization state 
as diattenuation increases (the normalized trace along the surface of the sphere is also shown). 
Birefringence is equivalent to a rotation in the Poincaré sphere. The combined effect has the 
appearance of a spiral. Reprinted from Ref [3]. 

Birefringence can be calculated by analyzing the amount of rotation of 2 independent 
incident polarization states about a common optical axis. Figure 4 shows a graphical 
presentation of this method [13]. 
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Fig. 4. Birefringence calculation illustrating (a): the surface states, I1 and I2, in blue and the 
reflected states, I’1 and I’2, in green, (b, c) the planes P1 and P2 that span all possible rotation 
axes, and (d): the intersection of the planes resulting in determination of the optic axis. 
Reprinted from Ref [13]. 

Jones and Stokes formalism and the degree of polarization 

The polarization properties of tissue can be analyzed in both mathematical frameworks, the 
Jones formalism or the Stokes formalism. In this review we will focus on the Jones 
formalism, noting the close mathematical connection between the Jones and Stokes 
formalism, where at least the Jones formalism can be mapped onto the Stokes formalism 
(Jones vectors can be converted to Stokes vectors, Jones matrices can be converted to Mueller 
matrices). 

There are two weaknesses of the Jones formalism: the inability to describe partially 
polarized light, and the inability to describe the processes that lead to depolarization. These 
shortcomings are addressed by Stokes parameters and Mueller matrices [11], which are 
quantities based on irradiance, a measure of the energy per unit area and time of a light beam. 

For PS-OCT these weaknesses are of limited relevance since OCT is a coherent detection 
technique, only the sample arm light that interferes with the reference, i.e. which is coherent 
with the reference arm light is detected. PS-OCT is not capable of measuring the degree of 
depolarization, the degree of polarization of the Jones vector is always unity, thus PS-OCT is 
not able to measure partially polarized light or depolarization processes directly. There are, 
however, two exceptions: 

Firstly, depolarization can be observed as a function of wavelength by considering 
polychromatic light. The Jones vector for a single wavelength (k-vector) is unity. For 
polychromatic light (like an OCT light source), individual monochromatic Jones vectors (and 
their corresponding Stokes vectors) will have a degree of polarization of unity, but summing 
these Stokes vectors over the spectrum of the source could yield a Stokes vector with a degree 
of polarization less than unity because the polarization state could evolve with the wavelength 
[6]. 

Secondly, depolarization can be observed as a function of spatial location in the form of 
polarization scrambling, i.e., in the form of a variation of the polarization state on a very 
narrow spatial scale (from speckle to speckle) [20]. 

In the section on signal processing the Jones and Stokes formalism will be discussed again 
in the context of signal averaging. The quantification of polarization scrambling in a PS-OCT 
measurement will be discussed in a sub-section of chapter 3. 

3. Determining the polarization properties of tissue 
Various light-tissue interaction mechanisms can change the polarization state of backscattered 
light and therefore form the basis for tissue specific contrast generation by PS-OCT. 
Accessible to the OCT detection scheme based on a coherent detection of backscattered light 
are linear birefringence, linear diattenuation, and, in an indirect way, depolarization. 
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Birefringent materials are characterized by a refractive index that depends on the 
polarization orientation and on the propagation direction of light within the material. If 
polarized light enters a birefringent material, it is decomposed into two orthogonally 
polarized beam components that travel at different speeds. After transiting through a sheet of 
birefringent material, one polarization state of the light beam is retarded with respect to the 
other, depending on the amount of birefringence Δn (refractive index difference for the two 
orthogonal polarization states) and on the thickness of the sheet. This effect can be found in 
anisotropic crystals or in fibrous materials that consist of long, parallel fibrils embedded in a 
matrix of different refractive index (form birefringence) [21]. Form birefringence can be 
observed in several fibrous tissues like muscle, nerve fiber tissue, and tissues that contain 
collagen. 

Diattenuation (or dichroism) describes the property of some materials to absorb light of 
different polarization states differently. While diattenuation seems to be rather negligible in 
tissues analyzed so far [16, 19, 22–24], it might be a problem when interpreting results solely 
due to birefringence. Therefore, a method for simultaneous determination of sample 
birefringence and diattenuation is desirable. 

Depolarization can be caused by multiple scattering or scattering at non-spherical particles 
[25]. It is observed in pigmented tissue, where the depolarizing effect was shown to be caused 
by melanin granules [26]. 

To obtain birefringence and diattenuation related parameters, we will use the Jones 
formalism to determine the Jones matrix of a sample slice with a particular thickness. The 
round trip Jones matrix ( )s z∆J  of a sample slice z∆  can be determined by probing the tissue 
with two different incident polarizations states and determining the Jones vectors 1 1( )zE , 

2 1( )zE  reflected from location 1z  and incident polarization state 1 and 2, respectively, and 
Jones vectors 1 2( )zE , 2 2( )zE  reflected from location 2 1z z z= + ∆  and incident polarization 
state 1 and 2, respectively. The Jones vectors for 2z  are given by, 

 ( ) ( )1,2 2 1,2 1( ) .sz z z= ∆JE E  (10) 

This equation can be cast as a matrix equation, 

 ( ) ( ) 1 1,2 2 1,2
2 1 1,2

1 1,2 2 1,2

( ) ( )
( ) with ( )

( ) ( )
x x

s
y y

E z E z
z z z z

E z E z
 

= ∆ =  
 

Ε J E E   (11) 

and the Jones matrix ( )s z∆J  is easily found as, 

 ( ) ( ) 1
2 1( ) =s z z z −∆J Ε E  (12) 

provided that the two Jones vectors 1 1( )zE , 2 1( )zE  are independent, i.e., the matrix 

( )1zE should be a non-singular matrix in order to calculate the inverse matrix ( ) 1
1z

−E . 
The sample polarization properties can now easily be determined from the Jones matrix 

( )s z∆J , as shown by Park et al. [16] and Makita et al. [27], by minimizing the off diagonal 
elements or performing an eigenvalue and eigenvector decomposition of this matrix. The 
phase retardation is given by the phase difference between two eigenvalues, and the 
diattenuation by the contrast of the squared power of the eigenvalues. The optic axis 
orientation is determined as the directions of the eigenvectors of the round-trip Jones matrix 
of the sample. The eigenvalues are given by: 

 
2

1,2 2 4
T T Dλ = ± −  (13) 
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where T  and D  are the trace and the determinant of the Jones matrix ( )s z∆J . The phase 
retardation, diattenuation, and relative optic-axis orientation are then determined by these 
eigenvalues and eigenvectors as described in the following subsections. 

Phase retardation 

The phase retardation δ  over the length z∆  is determined by the phase difference between 
the two eigenvalues as 

 [ ] ( )
( )

1 2
1 2

1 2

Im
Arg arc tan ;

Re
λ λ

δ λ λ
λ λ

 
≡ =  

  
 (14) 

this phase retardation is a cumulative double-path phase retardation from depth position 1z  to 
the depth position 2z  of the sample. It should be noted that the selection of 1λ  and 2λ  from 
the two numerically obtained eigenvalues is arbitrary, the phase-retardation value has an 
ambiguity of π  rad. The phase retardation is aliased into a 0  toπ  rad range as 

 
: 0

2 : 2
δ δ π

δ
π δ π δ π

≤ <′ ≡  − ≤ <
 (15) 

where δ ′  is the aliased double-path phase retardation. 

Diattenuation 

The diattenuation d  over the length z∆ is defined as the contrast of the square of the absolute 
value of the amplitudes of the eigenvectors as [28, 29] 

 
2 2

1 2

2 2
1 2

d
λ λ

λ λ

−
≡

+
 (16) 

Optic-axis orientation 

The effective optic axes of the sample can be derived from the eigenvalue and eigenvector 
decomposition of the sample Jones matrix sJ . The optic-axis orientation is defined by the 
eigenvector, which is an Eigen Jones vector of the sample matrix sJ  that describes a 
polarization state that is unaltered by the round trip sample matrix. Using Eq. (7) this eigen 
Jones vector can be mapped to a Stokes vector that gives the optic axis orientation in a 
Poincaré sphere representation. As we will see later, in fiber based PS-OCT systems the 
sample matrix sJ cannot be determined directly, in general it is a product of the sample Jones 
matrix and the Jones matrices of the (fiber) optical elements of the system, leading to a 
similarity transformation of the sample Jones matrix. The eigenvector of the similarity 
transformation is not an eigenvector of the round-trip Jones matrix of the sample but that of 
the similar matrix, and the optic-axis orientation of the similar matrix is not identical to that 
of the sample but only a relative axis orientation [17]. 

Quantification and imaging of depolarization 

A direct measurement of depolarization is not possible by the coherence based detection 
scheme of OCT. The degree of polarization (DOP), as defined in classical polarization optics, 
is always equal to 1 in a single speckle obtained by PS-OCT, i.e., the light of a single speckle 
is fully polarized [30]. This can be illustrated by the way the Stokes vector elements are 
calculated from the measured signals: 
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where A0;x, A0;y are the amplitudes measured in the two orthogonal polarization channels of 
the PS-OCT instrument, and ΔΦ is their phase difference (see section 4, Eqs. (23) and 24). 
Inserting the Stokes vector elements into the classical definition of the DOP (cf. Equation (8), 
we see that DOP will be equal to 1 by definition of Eqs. (8) and (17). However, if we include 
several speckles in the analysis, the situation changes. If adjacent speckles have different 
polarization states (i.e., the polarization states are scrambled), an averaging of their 
corresponding Stokes vector elements will provide quantities whose square sum can be lower 
than 1. In analogy to the DOP, we can define a quantity that describes the degree of 
polarization uniformity (DOPU) within an averaging window or kernel: 

 2 2 2( ) ( ) ( )m m mDOPU Q I U I V I= + +  (18) 

where the index m indicates the mean value of the corresponding normalized Stokes vector 
elements within the evaluation kernel. In other words, DOPU can be regarded as a spatially 
averaged DOP. It is closely related to the apparent degree of polarization obtained by 
temporal averaging in liquids [30], to the quantity ζ that was used to analyze local 
correlations of polarization states for detection of multiply scattered light [31], and to the 
laterally averaged DOP used to study depolarization by depth-dependent light scattering in a 
non-imaging experiment [32]. In case of a sample that backscatters light in a well-defined 
polarization state (polarization preserving or birefringent), DOPU is close to 1, in case of a 
depolarizing sample, DOPU is lower than 1. If we slide the evaluation kernel across a 2D or 
3D data set and assign the DOPU value calculated within the kernel to the pixel at the kernel 
center, we can generate images of depolarization. 

The original DOPU algorithm was later refined to improve it and optimize it for different 
applications. The spatial resolution, which is given by the kernel size, was improved by using 
smaller speckles (higher resolution) [33], analyzing temporal kernels [34], 3D kernels [35], 
and an optimum combination of those for imaging the retinal pigment epithelium (RPE) [36]. 
Other improvements comprise corrections for additive noise that reduce noise sensitivity [37], 
and the introduction of advanced metrics, the depolarization index [38] and the differential 
depolarization index [39] that are independent of the input polarization state used to image the 
sample. 

4. Methods 

Basic PS-OCT system 

In this chapter, we introduce the concepts of PS-OCT by describing a basic version of a bulk 
optics PS-OCT system and analyzing the propagation of polarization states within the system 
by the Jones calculus. The system described is based on the PS low coherence interferometer 
first introduced in 1992 by Hee et al. [2]. Starting in 1997 de Boer et al demonstrated a PS-
OCT imaging system showing accumulated phase retardation images and an overall optic axis 
orientation [40–42]. The first images of optic axis orientation were presented by Hitzenberger 
et al. [43]. The basic PS-OCT system illuminates the sample by a single, circular polarization 
state and is capable of measuring reflectivity and birefringence related parameters (retardation 
and optic axis orientation). The analysis follows a similar path as in previous work [40–44]. 

Figure 3 shows a sketch of the instrument. A broadband light source (e.g., a super 
luminescent diode) emits a light beam of short coherence length that is vertically polarized by 
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polarizer P before entering the Michelson interferometer. The Jones vector of this beam can 
be written as: 

 
0
1

E  
=  

 
E  (19) 

where E  is the electric field vector, 0 exp( )E E i tw=  the scalar electric field, 0E  the field 
amplitude, w  the angular frequency, and t  the time. For simplicity, we ignore the oscillating 
term exp( )i tw and set 0 1E =  in the following. 

 

Fig. 5. Sketch of basic PS-OCT system. BS, beam splitter; Det, detector; P, polarizer; PBS, 
polarizing beam splitter; QWP, quarter wave plate; RM, reference mirror; SLD, super 
luminescent diode. 

The polarization insensitive beam splitter BS splits the light into a sample and a reference 
beam of equal amplitude. The reference beam passes through a quarter wave plate (QWP1) 
oriented at 22.5° to the vertical, is reflected at the reference mirror and propagates back 
through QWP1 and the beam splitter which directs half of its intensity towards the detection 
arm. After the double pass through BS, the beam’s intensity is reduced by a factor of 4, 
corresponding to an amplitude reduction by a factor of 2. The Jones vector of the reference 
beam in the detection arm ( )r rzE  can now be calculated by multiplying the input Jones 
vector twice by the Jones matrix of QWP1 [45], and accounting for the amplitude reduction, 
resulting in (see e.g., [43]): 

 ( ) ( )1 1 0

0 11 1 exp 2
1 12 2 2r r QWP QWP rz i k z   

= ⋅ ⋅ = ⋅ −   
   

J JE  (20) 

where zr is the reference arm length and k0 the center wave number of the source spectrum. 
Equation (20) describes a linearly polarized beam with polarization orientation at 45°. The 
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polarizing beam splitter PBS in the detection arm splits this beam into horizontally and 
vertically polarized reference beam components of equal power. 

The sample beam transits QWP2 (oriented at 45°) and is thereby circularly polarized, 
enabling retardation measurements independent of the sample’s axis orientation. The beam is 
backscattered by the sample (reflectivity R), transits QWP2 a second time, and is directed 
towards the detection arm by BS. The double pass of BS again reduces the amplitude by a 
factor of 2. Depending on the birefringence of the sample (which is assumed to be a 
homogenous linear retarder with retardation δs and axis orientation θs, which is assumed to be 
constant in depth), the sample beam component reflected at depth z is in an arbitrary (in 
general elliptical) polarization state as it enters the detection arm of the interferometer. Its 
Jones vector is given by [41–43, 46]: 
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J J J JE

(21) 

with z being the distance between the BS and a reflection site in the sample (neglecting any 
air gap in the sample arm), n  the mean refractive index of ordinary and extraordinary beams, 
and δs(z) = Δn·z·k0 (Δn, refractive index difference between ordinary and extraordinary 
beams). 

In the detection arm, the interfering reference and sample beams are separated into a 
horizontal (x) and a vertical (y) polarization state by the polarizing beam splitter PBS, and 
their corresponding interference signals, recorded by the photodetectors, can be written as: 

 ( ) ( ) ( )0; cosx,y x,y x,yA z,Δz A z,Δz Φ Δz = ⋅    (22) 

with 
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and 
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Φ Δz k Δz π - θ

=

= +
 (24) 

with 0;xA  and 0; yA  describing the envelopes of the interference signals that rapidly oscillate 

with path difference –rz z zn∆ =    (cf. cosine terms of the phase functions ,x yΦ Φ ). ( )zγ ∆  is 
the modulus of the complex degree of coherence of the light beams and describes the width of 
the interferometric signal (depth resolution). The cosine and sine terms of Eq. (23) oscillate 
slowly with depth z , yielding intensity oscillations in the two polarization channels that are 
90° out of phase, and whose frequency is proportional to n∆ . 

From the signals described by Eqs. (22)-(24), we can calculate various sample parameters. 
For simplicity, we omit the z∆  dependence (i.e. we assume a coherence function of 
infinitesimal width, equivalent to a non-zero amplitude only for 0z∆ = ). Reflectivity ( )R z  
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and retardation ( )s zδ  can be derived from the signal amplitudes, while the axis orientation θs 
is encoded in the phase difference –x yΦ Φ Φ∆ =  of the two signals: 
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The unambiguous ranges of retardation and axis orientation are 90° and 180°. 

 
Fig. 6. PS-OCT images recorded in a chicken myocardium in vitro. Image dimensions: 
horizontal: 14 mm, vertical: 5 mm (optical distance). (a) Intensity image (color bar: 
logarithmic intensity scale); (b) phase retardation image (color bar: 0 – 90°); (c) axis 
orientation image (color bar: −90° – + 90°). (Adapted from [43]) 

Figure 6 shows PS-OCT images recorded with a basic PS-OCT system as described above 
in a chicken myocardium [43]. The intensity image (Fig. 6(a)) shows very little structure and 
contains the least information. The retardation image (Fig. 6(b)) shows rather constant color 
with depth near the (transversal) central third of the image, and about two full color 
oscillations (indicating a phase shift of ~360°) in the right and left thirds of the image. This is 
caused by the birefringence of the fibrous structure of the muscle tissue (areas shown in gray 
indicate regions of low intensity where noise would severely distort the polarization 
information). The low birefringence in the central area of the image is probably caused by a 
steeper orientation of the muscle fibers in this area. The optic axis image (Fig. 6(c)) shows 
that the muscle fibers are differently oriented in the right and left hand parts of the tomogram 
(the 90° color change in axial direction at depth positions where the retardation (Fig. 6(b)) 
passes the 90° and 180° values are caused by the data processing algorithm and do not 
indicate layers of different orientation). 

Figure 7 shows an example of imaging a depolarizing tissue in the human retina by PS-
OCT [33]. Figure 7(a) shows an intensity based (reflectivity) B-scan through the fovea. Four 
layers of the outer retina are marked: the external limiting membrane (ELM), the boundary 
between inner and outer photoreceptor segments (IS/OS), the end tips of the photoreceptors 
(ETPR), and the RPE. The latter three of these layers show approximately similar intensity. 
Figures 7(b), 7(c) and 7(d) show zoom-ins into the corresponding retardation, axis 
orientation, and DOPU images. While IS/OS and ETPR preserve the polarization state (cf. 
their constant colors in figs. b and c), the RPE appears to have random retardation and axis 
values (random colors), i.e., their polarization state is scrambled. The DOPU image (Fig. 
7(d)) clearly shows that DOPU is reduced (< 0.7) in the RPE (green color). 
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Fig. 7. PS-OCT B-scan of healthy human fovea. (a) Reflectivity (log scale), the white rectangle 
shows approximate areas of the zoom-ins (b)-(d); (b) retardation (color bar: 0°-90°); (c) optic 
axis orientation (color bar: 0°-180°); (d) DOPU (color bar: 0-1). ELM, external limiting 
membrane; IS/OS, boundary between inner and outer photoreceptor segments; ETPR, end tips 
of photoreceptors; RPE, retinal pigment epithelium. (Adapted from [33]) 

Mueller matrix determination in PS-OCT 

Yao et al. [47] and Jiao et al. [30] have presented a method by which the full Mueller matrix 
of a biological sample can be obtained based on irradiances, i.e., intensities. The 
determination of a Stokes vector based on irradiances requires four measurements for each 
incident polarization state. Their systems used variable wave plates and polarizers to 
sequentially obtain the four irradiance measurements for each of four different input 
polarization states, requiring 16 measurements in total. This yielded sufficient information to 
completely determine the Mueller matrix of a sample. A main disadvantage is that it requires 
a large number of sequential measurements from any location in a sample, significantly 
increasing the measurement time, without adding information that could not be obtained by 
determination of the Jones matrix, due to the coherent nature of the OCT detection principle. 

A number of subsequent publications have also determined the Mueller matrix for a 
sample using faster systems with a more traditional two-channel detection scheme similar to 
that shown in Fig. 5 [48–50]. However, these studies measured the Jones vectors for light 
incident on and reflected back from a sample to first determine the sample Jones matrix, 
which is used to derive a corresponding Mueller matrix (e.g., see Eq. (7)). The coherent 
detection of OCT and the nature of Jones vectors necessarily dictates that the degree of 
polarization be unity. Unless these calculations are performed in a wavelength-dependent 
manner, any resultant Mueller matrices can only be used to determine the non-depolarizing 
polarization properties of a sample, negating any potential advantage over the Jones 
formalism. 

Determination of the Jones vector and Stokes vector 

The Jones and Stokes vector can be directly determined by a polarization sensitive system as 
shown in Fig. 5. The two orthogonal polarization detectors measure the interference between 
sample and reference arm light in two orthogonally polarized channels. As described earlier 
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(see Eq. (1)), three variables, the amplitude of the fields xE  and yE , and their relative 

phase x yφ φ−  completely describe the polarization state of light. These variables can be 
directly determined by the amplitude of the interference in each channel, and the relative 
phase of the interference signal in the two orthogonal channels, as first shown by de Boer et 

al. [42, 51] and allow determination of the Jones vector, ( )x y

x
i

y

E

E e φ φ−

 
 =
 
 

J  from a PS-OCT 

measurement. From the Jones vector the Stokes vector can be calculated according to Eq. (7). 
Figure 8 illustrates the principle and shows an example of the amplitude and phase of the 
interference in two orthogonal polarization channels over two cycles of the interference 
pattern. For each of three fundamental possibilities, the corresponding Stokes vector is given. 
Thus, the polarization state can be completely determined by the amplitude and relative phase 
of the interference fringes. 

 
Fig. 8. Example of the interference fringes measured in the horizontal and vertically polarized 
channel. If the amplitude in the vertical channel is zero, the light must be horizontally 
polarized (Q-state in Stokes vector notation). If the interference fringes are of equal magnitude 
and are in phase, the polarization state is linear at 45 degrees (U-state in Stokes vector 
notation). If the interference fringes are of equal magnitude and are 90 degrees out of phase, 
the polarization state is circular (V-state in Stokes vector notation) . 

Limits of basic systems, fiber optic implementation and the depth resolved axis 

Bulk PS-OCT systems provide a convenient framework to analyze the PS-system and tissue 
polarization properties, because the incident polarization state is fully under control. To 
determine birefringence a circular incident polarization state would always be altered by 
linear tissue birefringence, regardless of the orientation of the optic axis. However, bulk 
systems are prone to systematic errors, as analyzed in detail by Schoenenberger et al. [46]. A 
more important drawback is that they are impractical in clinical settings; fiber based systems 
would provide much more convenience. 

Two types of optical fibers are in use for OCT applications: regular single mode (SM) 
fibers and polarization maintaining (PM) fibers. The most straightforward extension of the 
concepts presented above for a bulk optics PS-OCT system towards fiber technology is to use 
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PM fibers. PM fibers have an elliptic core with different refractive indices for two orthogonal 
polarization modes aligned along the two axes of the ellipse. Thereby, a PM fiber can guide 
two linear orthogonal polarization states independently of each other, maintaining their 
relative amplitudes. If the orientation of the core’s ellipse is properly aligned with the 
orientation of the axes of the polarizing elements, the free-space and bulk-optic beam paths of 
Fig. 5 can be replaced by PM fibers and PM fiber based beam splitters. The same parameters 
as with the bulk optic system can be measured, similar equations are used. However, since the 
PM fiber just maintains the amplitude relation between the two orthogonal polarization states 
but not their phase relation, additional measures have to be taken to correct for the phase 
offset. Both, hardware [52] and software [33] based solutions have been reported. The main 
advantages of the PM fiber approach are its relatively simple implementation and the 
possibility to work with a single (circular) input polarization state. The disadvantages are that 
PM fibers and PM fiber components are more expensive than SM fibers, and that, because of 
their non-rotational symmetric core, they cannot be used in rotating endoscopic or catheter 
probes. 

Conventional SM fibers avoid these drawbacks and are better compatible with existing 
commercial OCT technology. Unfortunately, single mode optical fiber changes the 
polarizations state during propagation due to stress and non perfect circular symmetry of the 
fiber core. Thus the incident polarization state on the tissue becomes arbitrary. For example, 
the polarization could be linear AND aligned with the optical axis of the sample. In that case, 
the reflected light from the sample would not change, even in the presence of birefringence, 
and a PS-OCT measurement would not render reliable information about tissue birefringence. 

One way to solve this problem is to place polarization controllers in the source, sample, 
reference, and detector arm fibers and align them to mimic the wave plates used in the bulk 
setup of Fig. 5 [53]. A refined method requires the calibration of only one fiber 
transformation [54]. In these cases, the sample is illuminated again by circularly polarized 
light, and the corresponding equations used for the bulk system can be used. However, the 
method only works if the fibers are not moved after polarization controller alignment, i.e., the 
method does not work for flexible sample arms or endoscopes. A general solution that works 
with flexible probes overcomes this problem, and actually was the first demonstration of a 
fiber based PS-OCT system which solved this problem by probing the tissue with 4 different 
input polarization states [15]. This principle was universally adopted in a variety of 
modulation schemes for the input polarization states that were developed [52, 55–60]. 

Two main approaches evolved over time. In the first method, the tissue was probed 
consecutively with two polarization states orthogonal in the Poincare representation (e.g., a 
linear and a circular polarization state) [13, 15, 61]. The rationale was that for any orientation 
of the optical axis and for any induced change of the polarization state in the fiber, the tissue 
polarization properties could be determined. In a lossless fiber, the orthogonal states would 
remain orthogonal. Because the measurements of the reflected two states are delayed in time, 
no reliable phase relation exists between the fields measured for the two consecutive input 
polarization states. A method to extract the birefringence in the Poincaré representation using 
Stokes vectors was illustrated in Fig. 4. In the second approach the sample is (nearly) 
simultaneously probed with two polarization states. In this case a stable phase relation can be 
established between the detected fields of two different polarization states. This allowed also 
the use of two orthogonal polarized input states, e.g., linear horizontal and linear vertical. The 
simultaneous two-polarization probe was first performed by modulation multiplexing of two 
polarization states [52, 55]. A more recently popular approach to generate these two input 
states is by a passive Polarization Delay Unit (PDU) in the sample arm [58–60]. In a PDU 
two orthogonal polarization states are generated that have a small delay on the order of half 
the ranging depth of the OCT system. In a single A-line (depth profile), two simultaneous 
measurements with different input polarization states of the sample are performed, which are 
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encoded in depth in the depth profile (e.g., the first half of the depth profile represents the first 
incident state, the second half of the depth profile represents the second incident state). 

To determine the sample polarization properties with a fiber based PS-OCT system the 
system polarization properties need to be included in the analysis of the measurements. In 
general terms, a PS-OCT system sends polarized light from a source into the sample and 
reference arms of an interferometer, and reflected light from both arms is recombined and 
detected. Following Park et al. [16], the system can be separated into three sections, each 
described by a Jones matrix as shown in Fig. 9. 

 

Fig. 9. Schematic of the fiber-based PS-OCT system (p.c., polarization controller; p, polarizer; 
pm, polarization modulator; oc, optical circulator; RSOD, rapid scanning optical delay; fpb, 
fiber polarizing beamsplitter). Jin, Jout, and JS are the Jones matrix representations for the 
one-way optical path from the polarization modulator to the scanning handpiece, the one-way 
optical path back from the scanning handpiece to the detectors, and the round-trip path through 
some depth in the sample, respectively. Reprinted from [16]. 

We define inJ  as the Jones matrix representing the optical path from the polarized light 
source to the sample surface, outJ  as that going from the sample surface to the detectors, and 

SJ  as the round-trip Jones matrix for light propagation through a sample [16]. This 
nomenclature can be applied to all PS-OCT systems, ranging from bulk-optic systems [2, 
40,43, 47, 62, 63], to those with fibers placed such that they are traversed in a round-trip 
manner [50], to time-domain [15, 61], spectral-domain [64] and swept source PS-OCT [55, 
57, 58] systems. This approach is applicable to the use of optical fibers and non-diattenuating 
fiber components, and even for retinal systems [65], where the polarization effects of the 
cornea can be included in inJ  and outJ . The electric field of light reflected from the sample 
surface, 1E , can be expressed as 1( ) iz eψ= out inJ J sourceE E , where ψ  represents a common 
phase of the E-fields associated with the propagation distance and sourceE  represents the 
electric field of light coming from the polarized source. Likewise, the electric field of light 
reflected from some depth within the tissue may be described by 2( ) ′= J J Ji

out S in sourcez eψE E . 
These two measurable polarization states can be related to each other such that 

2 1( ) ( )i
Tz e zψ∆= JE E , where 1

T out S out
−=J J J J  and ψ ψ ψ′∆ = − . TJ  is the measured Jones 

matrix as determined from the reflected fields from location 1z  and 2z  shown in Eq. (11). 
If the optical system representing outJ  is non-diattenuating, outJ  can be treated as a 

unitary matrix with unit determinant after separating out a common attenuation factor. SJ  can 
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be decomposed into a diagonal matrix [ ]1 2, 0; 0,C λ λ=J , containing complete 
information regarding the amount of sample diattenuation and phase retardation, surrounded 
by unitary matrices AJ  with unit determinant that define the sample optic axis. TJ  can be 

reformed such that ( )1 1 1 1
T out S out out A C A out U C U

− − − −= = =J J J J J J J J J J J J , where U out A=J J J . Since 

unitary matrices with unit determinant form the special unitary group SU(2) [66], UJ  must 
also be a unitary matrix with unit determinant by closure. Thus, TJ  is given by, 

 1
T U C U

−=J J J J  (26) 

with CJ  a diagonal matrix containing complete information regarding the amount of sample 
diattenuation and phase retardation, and U out A=J J J  a unitarian matrix that describes the 
optic axis orientation of the sample, AJ , multiplied with a unitarian matrix outJ  that describes 
a rotation of the reference frame in the optical fiber. 

Since the reference frame is rotated in the optical fiber, only a relative optic axis can be 
derived from U out A=J J J . Determination of this relative optic axis in a fiber-based system 
has a fundamental ambiguity. All members of the SU(2) group can be mapped to rotations in 
SO(3), and so outJ , AJ , and UJ  all represent rotations in a Poincaré sphere representation. 
This means that CJ , SJ , and TJ  are related by unitary transforms and are equivalent except 
for their respective coordinate systems. Therefore, the amount of phase retardation and 
diattenuation in CJ , SJ , and TJ  is the same. The three matrices have the same eigenvalues 
and differ only in their eigenvectors, and their optic axis equivalents, in a well-defined 
manner dictated by outJ . In other words, the optic axis of TJ  is the product of the sample 
optic axis defined by AJ  and the fiber transformations represented by outJ . Due to the round-
trip nature of detected light propagation in tissue, the circular components of birefringence 
and diattenuation in the sample cancel. Only the linear components of these properties can be 
measured using PS-OCT. In mathematical terms, the optic axes of SJ , defined by its 
eigenvectors, can represent only linear birefringence and diattenuation. The sample optical 
properties (diattennuation and birefringence) can be extracted from TJ by determining the 
eigenvalues as shown in Eqs. (13)-(16). 

Polarization mode dispersion 

Fiber optical components including optical fiber and circulators can have different 
wavelength-dependent refractive index between two eigen-polarizations. It results in a 
different dispersion of eigen-polarizations, so denoted as polarization mode dispersion 
(PMD). In PS-OCT, PMD can become significant with long optical fiber sections in the 
system and the presence of circulators, which can have a significant PMD [67]. It results in a 
differential delay and a different shape of the point spread functions for orthogonal 
polarization channels, and errors in phase retardation and other polarization property 
measurements [67, 68]. 

PMD can be classified into two types; PMD in non-common paths or in a common path of 
the interferometer. The first type of PMD occurs in probe and reference arms, whose lengths 
are typically a few meters. It mainly appears as a small additional dispersive phase in the 
OCT signals. Although this small dispersive phase is not a problem in non-PS-OCT, it can 
degrade the image quality and polarimetric accuracy of PS-OCT [68]. So far, several methods 
have been devised to eliminate this type of PMD. For instance, Zhang et al. demonstrated 
numerical compensation of PMD with three calibration signals obtained from the tip of the 
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sample arm [69], and Villiger et al. numerically mitigated PMD artifacts by spectral binning 
[70]. Braaf et al. also demonstrated another sophisticated numerical correction method [71]. 

The second type of PMD becomes problematic if the interferometer consists of a very 
long optical fiber of the order of a few hundreds to thousands of meters in its common path. 
Optically buffered swept-source OCT is a typical example. This PMD is substantial and 
affects not only the phase but also the envelope of the spectrum if the OCT is equipped with 
polarization-sensitive components such as polarizers, polarizing beam splitters, or 
polarization-sensitive semiconductor optical amplifiers (SOAs). Hence, it significantly 
degrades the imaging performance of PS-OCT. Hong et al. demonstrated a combined 
hardware-software combination method in which the phase modulation occurred by PMD 
was converted into spectral envelope modulation by polarizers, and the envelope modulation 
was corrected by a fringe processing method [72]. 

Figures 10 and 11 exemplify the PMD corrections in practical clinical images. Figure 10 
demonstrates numerical correction of non-common-path PMD by the spectral binning method 
applied to cadaveric human coronary artery PS-OCT images [70]. The first row shows OCT 
intensity, local retardation, and DOPU without PMD correction (left to right), while the 
second row shows PMD corrected images; composition of intensity and local retardation (d), 
local retardation (e), and DOPU (f). Granular appearance in the non-PMD-corrected local 
retardation image hides the real birefringent structures appearing in the PMD-corrected local 
retardation image (e). Figure 11 is an example of correction of common-path PMD [72]. The 
left column [(a) and (c)] are retinal OCT intensity images taken by an optically buffered PS-
OCT system without PMD correction. The optical buffering uses a long common-path fiber, 
and every two A-lines are suffering from severe PMD by the buffered fiber. This PMD results 
in fine comb-shaped artifacts as, for example, indicated by arrowheads in the magnified 
image (c). These artifacts were removed by a fringe processing method as shown in (b) and 
(d). 

 

Fig. 10. Cadaveric human coronary artery PS-OCT images with and without numerical non-
common-path-PMD correction by a spectral binning method. The first row shows intensity, 
local retardation, DOPU without PMD correction (left to right). The second row shows 
intensity-local retardation composite, local retardation, DOPU with PMD correction (left to 
right.) The images were reprinted from [70]. 
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Fig. 11. Retinal intensity OCT images taken by an optically buffered PS-OCT system without 
(a) and with (b) common-path-PMD correction. (c) and (d) are magnified images of (a) and 
(b), respectively. The comb-like artifacts in (a) and (c) were suppressed in (b) and (d). The 
figure was reprinted from [72]. 

Advanced data processing 

OCT measurements are always affected by noise, the measured signal deviates from the true 
value. For example, the complex OCT signal is affected by symmetric complex Gaussian 
noise, the distribution of measured complex OCT signals becomes complex Gaussian 
centered at the true signal value. Since the distribution of the measured signal is symmetric 
and centered at the true value, averaging of multiple signals is a maximum likelihood 
estimation (MLE) of the true value. It asymptotically approaches to the true value as the 
number of signals to be averaged increases. In other words, a mean estimator can provide an 
MLE of the complex OCT signal. 

However, this optimistic scenario cannot be applied to phase retardation and birefringence 
measurement. These values are derived from a set of OCT signals through highly nonlinear 
operations. The nonlinear operation does not preserve the symmetry of the distribution [27]. 
For example, the distribution of measured phase retardations is no longer Gaussian or 
symmetric, and neither the mean nor the mode of the distribution correspond to the true phase 
retardation. So, the mean estimator of phase retardation does not provide a correct estimation 
of true phase retardation even with large number of measured values. In order to have a 
reliable estimate of the phase retardation, several more sophisticated estimators were 
proposed. 

As discussed above, complex averaging provides an MLE of OCT signals. Although the 
phase retardation derived from the complex averaged OCT signals is not the MLE of phase 
retardation, it asymptotically approaches to the true phase retardation as the number of 
averaged signals increases. This fact has motivated researchers to explore several averaging 
methods of measured Jones matrix, i.e., a set of measured complex OCT signals. 

If we can assume that a set of Jones matrices possess the same phase retardation, axis 
orientation, and common phase offset, complex averaging of each entry of the matrices 
provides a good estimation of the Jones matrix. However, for the image processing of PS-
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OCT, the averaging is frequently performed in a small but spatially extended kernel and for 
this spatially extended kernel the above mentioned assumption is not true. 

The assumption is especially incorrect for the common phase offset in a Jones matrix. To 
mitigate this problem, common-phase correction was used for Jones matrix averaging with 
both a rectangular kernel [60, 73, 74] and gradually weighted Gaussian kernel [75]. Here it 
should be noted that these averaging methods are not technically the averaging of Jones 
matrix but complex averaging of measured OCT signals. Hence, it was a natural extension of 
averaging of non-Jones matrix OCT signals. This approach assumes that the polarization 
properties of the tissue are homogeneous in the kernel. 

The averaging of a general Jones matrix, namely, averaging of polarization properties 
within an inhomogeneous tissue region, is still an open issue. Wang et al. demonstrated 
complex averaging of eigenvalues of Jones matrices [76]. An alternative and more complex 
approach of Jones matrix averaging is based on the Cloude-Pottier decomposition [77]. In this 
method, first an MLE of a covariance matrix of the Jones matrix is obtained. Then an 
estimation of the Jones matrix is obtained by using Cloude-Pottier decomposition. And 
finally, a reasonable estimation of phase retardation is obtained from the estimated Jones 
matrix. 

Non-complex (intensity) averaging is also useful for phase retardation imaging. One 
widely accepted method is Stokes vector averaging [14]. Here the measured polarization 
sensitive OCT signals are first converted to a Stokes vector. A set of Stokes vectors 
distributes around its true value in Poincare sphere, the mean of the Stokes vectors is a good 
estimation of the true Stokes vector, which has the advantage that these are irradiances and in 
the averaging process reduce the effect of speckle. A good estimation of phase retardation is 
then obtained from two Stokes vector estimates at two depth positions. The intensity 
averaging is also useful for PS-OCT based on Hee’s method [2] in which the phase 
retardation is computed only from intensity (without phase information). It was shown that 
the phase retardation derived from the intensity-averaged OCT signals provides good image 
quality [78]. Villiger et al. [70] extended the Stokes vector averaging method by spectral 
binning. 

Besides the approaches to obtain the phase retardation through a good estimation of OCT 
signals, Stokes vector, Jones vector, or Jones matrix, direct estimation methods of phase 
retardation have also been widely explored. 

For more quantitative understanding, Makita et al studied how the Gaussian noise of a 
complex OCT signal affects the phase retardation measured by Jones matrix OCT. In this 
study, it was shown that the measured phase retardation was affected by only three 
independent parameters: a combined SNR of the measured OCT signals used for phase 
retardation computation, so-called effective SNR (ESNR), the true phase retardation value, 
and the relative angle of incident polarization states used for Jones matrix measurement [27]. 
The last parameter is a constant in practice, the distribution of phase retardation was affected 
by only two parameters; ESNR and true phase retardation. 

Duan et al. designed a phase retardation estimation function based on this model, which 
takes measured phase retardation and ESNR as inputs and gives an estimation of phase 
retardation [79]. Kasaragod et al. further improved this estimator by using full information of 
probability distribution functions of measured and true phase retardations. It provides a 
maximum a-posteriori (MAP) estimation of true phase retardation (birefringence) from a set 
of measured phase retardations and ESNRs [80, 81]. An advantage of this approach is that the 
estimate obtained by this method is the MLE or MAP of phase retardation, while the phase 
retardation obtained from the MLE of Jones matrix is not an MLE of phase retardation. 

                                                                            Vol. 8, No. 3 | 1 Mar 2017 | BIOMEDICAL OPTICS EXPRESS 1864 



5. Application of PS-OCT 

Anterior eye segment imaging 

Anterior segment PS-OCT is potentially useful for two applications in glaucoma treatment. 
One promising application is evaluation of the bleb which is created by trabeculectomy 
surgery. The other is the evaluation of the trabecular meshwork. 

A bleb is a structure which was created by trabeculectomy surgery. The only effective 
strategy for the suppression of glaucoma progression is the reduction of intra-ocular pressure 
(IOP). While pharmacological interventions to reduce IOP are effective in the early stage, 
surgical intervention, including trabeculectomy, trabeculotomy, and laser iridotomy, are 
required in advanced or some specific cases. In trabeculectomy surgery, an artificial tissue 
structure, a so called filtering bleb, is created. The bleb bypasses the drainage of the aqueous 
humor and reduces IOP. 

Since a bleb is an artificially created wound, it is gradually healed and scared. This 
healing of the bleb results in a dysfunction of the bleb. So, a frequent monitoring of the bleb’s 
structure and wound healing is important to maintain its functionality. Since scaring is 
associated with proliferation of collagen, it can be monitored by PS-OCT. At the same time, 
the structure of the bleb can be monitored by intensity image obtained by PS-OCT. 

The progression of scaring in bleb was first visualized by phase retardation [82]. Lim et al 
validated the relationship between the phase retardation appearance and scar formation by 
comparing PS-OCT and histology in a rabbit [73]. Fukuda et al showed that phase retardation 
is a reasonable indicator of the functionality of the bleb [83, 84]. 

With the introduction of local phase retardation (birefringence) imaging, more accurate 
evaluation of scar formation becomes available [75, 85]. Among them, Yamanari et al 
showed histological correlation with birefringence image [75]. Kasaragod et al demonstrated 
a metric computed from the birefringence of the bleb, and it can be utilized for classification 
of functional and non-functional blebs [85]. Figure 12 exemplifies the birefringence imaging 
of trabeculectomy blebs (adapted from [85]). Each column represents a case of bleb. The first 
and second rows represent intensity cross section and birefringence cross section. High 
birefringent areas (red pixels) are overlaid on the intensity image. The dashed lines indicate 
the interface of sclera and conjunctiva. The values at the top left of the images represent the 
fraction of the high birefringence area in the conjunctiva, which correspond to the severity of 
the scaring and is denoted as fibrosis score. 

 
Fig. 12. Examples of birefringence imaging of blebs. (a) and (b) are intensity OCT and (c) and 
(d) are birefringence cross-sections. In (e) and (f), the high birefringence pixels (red) are 
overlaid on intensity image. The numbers at the top left indicate the areal fraction of high 
birefringence regions in the conjunctiva (adapted from [85]). 
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PS-OCT can be utilized for subjective observation of bleb status, and also for objective 
evaluation of its functionality. PS-OCT would be useful for optimization of trabeculectomy 
and its post-surgical maintenance. 

The trabecular meshwork is a circular meshwork structure at the iridocorneal angle of the 
anterior eye chamber. The liquid filling the anterior eye chamber, aqueous humor, is drained 
throughout the trabecular meshwork. And hence, its blockage by the iris triggers the acute 
ocular hypertension and glaucomatous attack. In addition, malfunction of its drainage also 
causes chronic ocular hypertension and subsequent glaucoma. So, it is important to identify 
the location of the trabecular meshwork in OCT images and also to assess the abnormality in 
its micro-structural tissue. 

Since the trabecular meshwork consists of collagen, it has specific birefringence 
properties, and it can be visualized by PS-OCT. Its polarization contrast was accidentally 
found by non-PS-OCT as a polarization artifact imitating Schlemn’s canal [86]. Conventional 
OCT also has some polarization contrast, although it is regarded as an artifact. So, the 
trabecular meshwork frequently appeared with a dark-band artifact in conventional anterior 
eye segment OCT images. Yasuno et al. performed a systematic comparison of visibility of 
trabecular meshwork by conventional OCT and PS-OCT, and have shown that PS-OCT 
provides better visibility [87]. 

Although it is under researchers’ consensus that PS-OCT is useful for selectively 
visualizing the trabecular meshwork, its detailed polarization and birefringence properties are 
still controversial. Some studies show high and some others show low birefringence [75, 80]. 
So, detailed investigations are required in the future. 

Keratoconus is an ectatic thinning of the cornea. It is characterized by progressive conical 
protrusion of the cornea, and results in severe dysfunction of visual acuity. Although the 
mechanism of keratoconus is still unclear, it is reasonable to assume it is associated with 
microstructural tissue abnormalities of the cornea. Since the cornea consists of well organized 
collagen and has specific polarization properties [73, 88–90], its abnormality can be assessed 
by PS-OCT. The first application of PS-OCT to keratoconus was performed by Götzinger et 
at [91]. and it was found that the keratoconic cornea appears with an abnormal phase 
retardation pattern. Fukuda et al. showed that PS-OCT has high sensitivity to detect the 
keratoconus and is useful for grading the disease based on systematic clinical studies [92]. 
PS-OCT is a promising tool for screening and treatment control of keratoconus and also other 
corneal diseases [93]. 

Posterior eye segment imaging 

The dominating application field of OCT in general and also of PS-OCT is imaging of the 
posterior eye segment. Several layers of the ocular fundus can change the light’s polarization 
state: the retinal nerve fiber layer (RNFL), Henle’s fiber layer, the sclera, as well as fibrotic 
lesions are birefringent, the RPE (and to a lesser extent the choroid) are depolarizing [7]. 
These properties can be used for various diagnostic applications, and only the most important 
can be presented here. 

Imaging and quantification of the retinal nerve fiber layer 

The axons of the ganglion cells of the retina make up the RNFL. These axons carry the 
electrical signals generated by the visual process via the optic nerve into the brain. The 
fibrous structure of the RNFL causes its birefringence [94]. 

In glaucoma, one of the leading causes of blindness in the world, the RNFL gets damaged, 
leading to vision loss. In many cases, such RNFL damages can be observed before a visual 
field loss is detected [95]. The damage leads to a thinning of the RNFL which is associated 
with a reduced retardation introduced by this layer to a sampling beam, and it has been shown 
in animal models that the birefringence is reduced at an even earlier stage of the disease [96]. 
These findings are the basis for the use of polarimetric techniques for glaucoma diagnosis. 
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While an earlier technique, scanning laser polarimetry (SLP) [97–99] was quite successfully 
used as a glaucoma screening tool, it has some shortcomings that cause imaging artifacts in a 
considerable subset of eyes [100, 101]. These are caused by the lack of depth information, 
leading to scleral signals interfering with RNFL signals, thereby distorting the results [102]. 
PS-OCT can avoid these problems. 

 
Fig. 13. PS-OCT images recorded in the optic nerve head region of a healthy human eye. (a) 
Reflectivity B-scan; (b) retardation B-scan; (c) en-face RNFL retardation map. The white line 
indicates the position of the B-scans. 

Retardation and birefringence measurement and imaging of the RNFL were among the 
first applications of PS-OCT in the eye [65, 103–109]. Figure 13 shows an example of PS-
OCT retardation imaging in the optic nerve head (ONH) region. Figure 13(a) shows a 
reflectivity B-scan recorded inferior to the ONH. The RNFL is observed as the topmost, thick 
hyperreflective layer. Figure 13(b) shows a corresponding retardation image. The 
birefringence of the RNFL can be observed by the color gradient (color change from dark 
blue to cyan with increasing depth). In addition, the polarization scrambling RPE can be 
observed, as well as the strongly birefringent sclera (color gradient from blue to orange 
beneath the retina). If we extract the retardation value beneath the RNFL, e.g. within the 
strongly reflecting photoreceptors (they maintain the polarization state of the light they 
reflect, so the polarization state corresponds to that generated by the overlying RNFL), we 
can quantify the RNFL retardation and, by applying this method to the entire 3D data set from 
which the B-scans were taken, we can generate an en-face retardation map of the RNFL (Fig. 
13(c)). In a healthy eye, this map shows a characteristic butterfly-shaped pattern that clearly 
shows the increased retardation caused by the thick RNFL in the vicinity of the ONH and 
along the arcuate nerve fiber bundles. 

Figure 14 shows a quantitative evaluation of the RNFL retardation, thickness, and 
birefringence obtained around the ONH of 10 healthy eyes [110]. The respective quantities 
were measured along a circle around the ONH, ranging from the temporal position (T) over 
the superior (S), the nasal (N), the inferior (I), and back to the T position. The black curves 
show the mean values measured in the 10 eyes, the red curves indicate the range distribution 
(standard deviation). As can be seen, not just the retardation and thickness, but also the 
birefringence varies as a function of position, ranging from ~0.07 to 0.14°/µm on average. For 
a wavelength of 840 nm, this corresponds to a dimensionless birefringence Δn of 1.6 - 
3.3·10−4 which is in the range of RNFL birefringence values reported in other studies [104, 
108, 109]. 
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Fig. 14. Circumpapillar profiles of (a) RNFL retardation, (b) RNFL thickness, (c) RNFL 
birefringence. T, temporal; S, superior; N, nasal; I, inferior. Black line: mean value of 10 
healthy eyes; red lines: mean value ± standard deviation. (Adapted from [110] by permission 
of the Association for Research in Vision and Ophthalmology) 

Figure 15 shows a comparison of retardation maps obtained in a healthy eye (Fig. 15(a)) 
and a glaucomatous eye (Fig. 15(b)) [111]. The latter image shows an RNFL bundle defect in 
the superior hemisphere, indicating the potential value of PS-OCT for glaucoma diagnostics. 
In addition to the RNFL retardation, the somewhat weaker retardation caused by Henle’s fiber 
layer can be seen as a doughnut-shaped retardation elevation. A more detailed analysis of the 
birefringence of this layer by PS-OCT can be found in ref [112]. 

 
Fig. 15. Wide field RNFL retardation maps obtained in human eyes. (a) Healthy eye; (b) 
glaucomatous eye. (Adapted from [111]) 

Although the limited space does not allow to discuss these applications and results in 
more detail, it should be mentioned that several papers have reported interesting and useful 
results of PS-OCT imaging of birefringent structures in animal eyes (cf., e.g., [63, 113–116]). 

Imaging of macular lesions 

The macula is located near the center of the retina, at the posterior pole of the eye. Near the 
center of the macula, at the fovea centralis, the density of photoreceptor cells is highest, 
associated with the sharpest vision. Any damage to the fovea and the macula will therefore 
have a severe impact on vision. A variety of retinal diseases affect the macula, the most 
important being age related macular degeneration (AMD), the most frequent cause of 
irreversible vision loss in the developed world. 

PS-OCT can be used in the diagnosis of various stages of AMD. One of the earliest 
indicators of AMD are drusen, localized elevations of the RPE, beneath which extracellular 
debris is accumulated. Drusen represent a major risk factor for disease progression. 
Therefore, an automated drusen detection and quantification is important for disease 
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management. Since the RPE depolarizes backscattered light (cf. section 4), it can directly be 
segmented by PS-OCT by thresholding retinal DOPU images [20]. In further data processing 
steps, the area and volume of drusen can be automatically determined [117]. 

Figure 16 shows an example of drusen segmentation based on PS-OCT imaging. Figure 
16(a) is an en-face intensity (reflectivity) projection image of a 3D PS-OCT data set acquired 
in the macula of a patient with drusen. Figure 16(b)1,2 are two reflectivity B-scans where 
three segmentation lines are drawn [117]. The inner limiting membrane (blue) is obtained by 
intensity thresholding, the RPE (red) is assumed to coincide with the lowest DOPU value 
within the depolarizing band in the corresponding DOPU image (not shown here), the green 
line indicates the position where the RPE should be (found by an iterative algorithm that uses 
the red line as a backbone). Figure 16(c) shows the drusen thickness map (distance between 
red and green line in the B-scans). From this map, area and volume of drusen can easily be 
quantified. Based on this method, characteristic growth patterns of drusen over time were 
identified [118]. 

 

Fig. 16. Drusen segmentation by PS-OCT. (a) En face reflectivity projection image (pseudo 
SLO); (b1, b2) B-scans with segmentation lines: blue, inner limiting membrane; red, RPE; 
green, original position of RPE. (c) drusen map. (adapted from [117]) 

In addition to drusen quantification, PS-OCT is also able to differentiate between different 
types of drusen [119, 120]. Figure 17 shows a comparison of drusen imaged by PS-OCT and 
intensity based OCT [119]. In the PS-OCT image, the depolarizing material (tissue areas that 
meet the DOPU segmentation threshold) is shown in red, overlaid on the reflectivity data. 
Different types of drusen are observed, e.g., normal drusen with a continuous RPE above the 
exudative deposit, drusen filled completely with depolarizing material, and drusen with holes 
in the RPE or with a complete loss of the RPE. Ongoing studies investigate whether drusen 
type has an influence on the progression of the disease. 
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Fig. 17. Drusen imaging by PS-OCT (a) and intensity based OCT (b) in the same eye of a 
patient with AMD. Various forms of drusen can be differentiated in the PS-OCT image, where 
depolarizing tissue (red) has been segmented by its low DOPU value. Blue arrow: druse filled 
with depolarizing material; white arrowheads: small atrophic lesions; yellow arrow: drusenoid 
structure with complete loss of RPE. (Reproduced from [119] by permission of the Association 
for Research in Vision and Ophthalmology) 

Two forms of advanced stages of AMD can be differentiated: dry and wet (neovascular) 
AMD. In dry AMD, large areas of atrophic zones develop where the RPE and photoreceptors 
are lost. These geographic atrophies (GA) can also be segmented by PS-OCT by algorithms 
that have similarities to the drusen segmentation algorithm described above [117, 121]. In 
addition to GA quantification, PS-OCT also allows to judge whether the fovea still has intact 
RPE areas (foveal sparing) in cases with central GA, a condition difficult to judge by other 
imaging modalities [122]. 

In the neovascular form of AMD, new vessel membranes grow beneath the retina or the 
RPE, and leakage of these vessels can lead to hemorrhage and fibrosis as an end stage. For 
therapy decisions, it is very important to judge whether the lesion is still active or in a fibrotic 
stage, a decision difficult to make based on reflectivity images. However, fibrotic tissue 
shows form birefringence and can therefore be identified by PS-OCT [123, 124]. A recent 
study using a PS-OCT system with an integrated retinal tracker [125] – which is important 
since the fixation capability of affected patients is usually poor, leading to heavy motion 
artifacts – demonstrated that fibrotic lesions can be readily identified and in the majority of 
cases also segmented by their characteristic birefringence patterns, showing column-like axis 
orientation patterns in PS-OCT B-scans (cf. Figure 18) [126]. The combination of PS-OCT 
with OCT angiography provides further insights into neovascular lesions in AMD patients 
[127]. 
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Fig. 18. Images of an eye with fibrotic neovascular AMD. (a) Color fundus photo; (b) 
fluorescein angiography; (c) PS-OCT mean retardation map; (d) PS-OCT reflectivity 
projection map; (e) PS-OCT median retardation map; (f) PS-OCT axis orientation map; (g) PS-
OCT reflectivity B-scan; (h) same B-scan with segmented RPE (red); (i) PS-OCT axis 
orientation B-scan, fibrotic tissue generates column-like color pattern (color bar: −90 - + 90°); 
(j) PS-OCT retardation B-scan, fibrotic tissue is strongly birefringent (color bar: 0 – 90°). 
(Adapted from [126]) 

Figure 19 demonstrates the additional information obtained by depth resolved local 
birefringence imaging provided by PS-OCT [128]. Two cross sections through a neovascular 
lesion of a patient with myopic choroidal neovascularization are shown. Contrary to Fig. 18 
that shows cumulative phase retardation, the local birefringence is displayed by the color 
coding. Elevated birefringence is observed in parts of the neovascular lesion as well as in the 
sclera, where alternating layers of higher and lower birefringence are observed which would 
not be discernible in cumulative retardation images. 

 
Fig. 19. Birefringence cross sectional B-scans extracted from a three dimensional data set 
acquired with Jones Matrix OCT in a patient with myopic choroidal neovascularization. A 
layered structure is visible in the sclera, as well as varying birefringence in the neovascular 
region. (Adapted from [128]) 

Several other diseases that affect the macula have been successfully studied by PS-OCT 
like diabetic retinopathy [129], central serous chorioretinopathy [130], telangiectasia [131], or 
hereditary diseases like albinism [132] and Stargardt’s disease [133]. Moreover, related 
studies in animal models have been performed [116, 134, 135]. A detailed description of 
these results is, however, beyond the scope of this paper. 

Endoscopic PS-OCT 

With the fiberoptic implementation of PS-OCT, also endoscopic applications come within 
reach of the technology. In endoscopic applications, the scanning mechanism provides an 
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additional hurdle. In general either a whole fiber catheter rotates inside a protective sheet, or 
at the tip a micromotor provides a circumferential scan. In both approaches, the polarization 
incident on the sample changes due to the rotation mechanism, and these changes need to be 
taken into account to properly calculate the tissue birefringence [70, 136, 137]. In 
cardiovascular OCT, polarization sensitivity has found application in the assessment of 
collagen in the fibrous cap of atherosclerotic plaques [138], the determination of collagen and 
smooth muscle cell content in atherosclerotic plaques [139, 140], RF ablation monitoring of 
the endocardium [141], and the in human in vivo assessment of plaque rupture [142]. Figure 
10 shows a PS-OCT example of ex-vivo human coronary artery. In pulmonology, endoscopic 
OCT is still at its infancy [137], an ex-vivo study has shown the potential for biopsy guidance 
in lung carcinoma [143], and recently PS-OCT results demonstrated the potential to visualize 
airway smooth muscle (ASM) cells ex vivo and imaging and volumetric assessments of ASM 
in humans in vivo [144]. 

Dermatology, collagen and nerves, cartilage and the reduced birefringence in tumors 

Outside of ophthalmology the application of PS-OCT is focused on the birefringence caused 
by fibrous structures such as nerves, muscles and collagen, ligaments, tendons, cartilage, 
bones, blood vessels, intervertebral discs and the dentin in teeth. 

PS-OCT has been applied to a wide variety of dermatological problems [145]. One of the 
first clinical applications of PS-OCT in particular was for the assessment of burn depth [13]. 
Burns are classified by depth into first-, second-, and third-degree injuries. First-degree burns 
cause redness and pain (e.g., sunburn). Second-degree burns are marked by blisters (e.g., 
scald by hot liquid). In third degree burns, both the epidermis and dermis are destroyed and 
the underlying tissue may also be damaged. A second-degree burn will heal if given proper 
care. However, a third-degree burn will not heal and requires a skin graft. Making the 
distinction between the two is difficult; a burn surgeon will often observe the injury over the 
course of several days before making an educated guess regarding burn depth [146]. Initial 
studies [13] have indicated the potential for PS-OCT to solve this problem by taking 
advantage of the fact that skin contains collagen, a birefringent material [40, 62]. At 
temperatures between 56 and 65°C, collagen begins to denature and lose its birefringence [41, 
147]. It should be expected that normal and burned skin differ in their natural collagen 
content, which leads to a reduction in the ability of burned skin to alter the polarization state 
of light that has passed through and been reflected back from some depth. A good deal of 
work has been done towards establishing baselines for the polarization properties of normal 
human skin as PS-OCT technology has progressed [15, 145, 148–150]. This work has helped 
pave the way towards assessment of burns in humans [49, 151–153], and the assessment of 
scars [145, 153, 154]. In dermatology PS-OCT has also been used to asses dermal photo-
ageing [155], and for the identification and delineation of basal cell carcinoma [156]. In 
osteoarthritis, PS-OCT has been used for the assessment of cartilage [157–161]. 

A relatively unexplored but potentially important field is the use of PS-OCT in the 
delineation of tumor tissue, which is based on the local destruction of collagen. Several 
papers have demonstrated the reduction of birefringence in tumor tissue in an animal model, 
and human esophagus, skin, vocal fold, breast and bladder [57, 76, 156, 162–170]. An 
example of PS-OCT images of a hamster cheek pouch cancer model is shown in Fig. 20, 
demonstrating the reduced birefringence in tumor tissue. 
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Fig. 20. Structural intensity (left) and polarization sensitive image (right) of a hamster cheek 
pouch cancer model. In the intensity image the features of the tumor tissue are visible, 
however, the PS image shows significant contrast between normal (left) and tumor tissue 
(right) based on the banding pattern. The normal cheek pouch tissue shows a much higher 
birefringence than the cancer tissue. (Adapted from [57]) 

PS-OCT could also find an application in the study of the regeneration of nerves after 
injury or to visualize nerves intraoperatively during e.g., prostatectomy, due to the contrast 
PS-OCT images provide over structural intensity images for nerves due to their birefringent 
properties [171–173]. 
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